key enzymes in this process. The membrane-bound alcohol dehydrogenase mADH; EC 1.1.99.8 -encoding gene, adhA, which catalyzes the oxidation of glycerol to glyceraldehyde, was shown to be essential for GA production in G. oxydans 4 . In AAB, mADH is involved in the oxidation of ethanol to acetaldehyde 10 , which is then converted to acetic acid via the membrane-bound aldehyde dehydrogenase mALDH; EC 1.2.99.3 Fig. 1A 11 . This suggests that mALDH may also be involved in the oxidation of glyceraldehyde to GA Fig. 1B ; however, no direct evidence exists for mALDH in GA production in AAB. The first description of the mALDH structure in G. oxydans by Adachi et al. 1980 revealed the presence of two distinct subunits, a major subunit 86 kDa and a minor subunit 55 kDa 12 . However, a more recent analysis of the respective mALDH components in G. oxydans 13 revealed the presence of three distinct subunits, encoded by three consecutive open reading frames GOX0585-GOX0587 . Using the mALDH complex from Acetobacter europaeus as a template, subunits GOX0585, GOX0586, and GOX0587 were designated aldF cytochrome c subunit , aldG small subunit , and aldH large subunit 14 , respectively. To examine the role of the aldH complex in GA production, we constructed an aldH disruptant ΔaldH; Fig. 1 in G. oxydans. GA content was then assessed in terms of overall yield and ee, to identify specific roles for this enzyme in glycerol processing.
EXPERIMENTAL

Materials
All reagents and solvents were commercially available, and of the highest purity Sigma-Aldrich, St. Louis, MO; Kanto Chemical, Tokyo, Japan; Wako Pure Chemical, Osaka, Japan; Nacalai Tesque, Kyoto, Japan .
Apparatus
The concentrations of GA and acetic acid in culture broth were analyzed using high-performance liquid chromatography HPLC with an LC-20AD HPLC pump 1.0 mL/ min flow rate and an RID-10A detector Shimadzu, Kyoto, Japan equipped with a Shodex ® SH1011 column Showa Denko, Tokyo, Japan . A mobile phase of 5 mM H 2 SO 4 was chosen for the column. During the analysis, the column was maintained at 60 . The enantiomeric compositions of GA were analyzed by HPLC on a system consisting of an LC-20AD HPLC pump 1.0 mL/min flow rate , an SPD-20AV UV/VIS detector 254 nm detection; Shimadzu , and two tandemly linked Chiralpak ® MA columns Daicel Chemical Industries, Osaka, Japan . A mobile phase of 0.45 mM CuSO 4 was used as the eluent. During the analysis, the column temperature was maintained at 21 .
Bacterial strains
G. oxydans IFO12528 and its ΔaldH mutant were routinely cultivated at 30 on YPD agar medium containing 5 g/L polypeptone Nihon Pharmaceutical, Tokyo, Japan , 5 g/L yeast extract Difco Laboratories, Detroit, MI , 5 g/L glucose, and 1 g/L MgSO 4 7H 2 O pH 6.5 . When necessary, kanamycin Km was added to the media at a final concentration of 50 μg/mL. Escherichia coli strain JM109 15 was cultivated at 37 using Luria-Bertani broth, 2X YT medium, or Terrific Broth, as described by Sambrook and Russell 2001 15 . Ampicillin and Km were added to the media when necessary to a final concentration of 50 μg/ mL.
2.4 PCR amplification of partial aldH and disruption of aldH Total DNA extraction, plasmid isolation, restriction endonuclease digestion, cloning, and the transformation of E. coli were carried out using standard protocols 15 . To amplify the DNA region within aldH using polymerase chain reaction PCR , we used a primer set GoALDH-F1, 5 -TGATGATCGAGGAAGGCGCG-3 , and GoALDH-R1, 5 -GCATCGAGGACGAGCCAGAG-3 designed based upon the genome sequence of G. oxydans 621H DSM 2343 13 . PCR cycling conditions were as follows: after an initial denaturation at 94 for 2 min, thirty cycles of 94 for 1 min, 65 for 1 min, and 72 for 2 min, followed by a final 10 min extension at 72 . The resulting product 1.6 kb was purified using agarose gel electrophoresis, cloned into pT7Blue R Novagen, Madison, WI , and sequenced designated pT7-aldH .
The DNA region containing the Km r cassette 0.9 kb from pTKm 16 was excised via EcoRV digestion and ligated to the EcoRV site in the partial aldH gene of pT7-aldH. The resulting plasmid, pT7-GoALDH::Km, was introduced into G. oxydans IFO12528 with electroporation electroporator settings: 200 Ω, 25 μF, and 1.9 kV , and screened on YPG 5 g/L yeast extract, 2 g/L peptone, and 30 g/L glucose plates 17 containing Km to identify aldH disruptants ΔaldH .
Comparison of acetic acid production in IFO12528
and ΔaldH strains Wild-type WT G. oxydans IFO12528 and its ΔaldH mutant were precultivated in 5-mL YPD medium at 30 for 1 d, after which the seed cultures 0.5 mL were transferred to 300-mL Erlenmeyer flasks containing 30 mL of medium consisting of 40 g/L ethanol, 2 g/L glucose, 2 g/L glycerol, 5 g/L yeast extract, and 5 g/L polypeptone pH 6.5 . The flasks were incubated for 4 days at 30 on a rotary shaker 200 rpm . Samples were then pelleted, and the respective supernatants analyzed using HPLC. Cell growth was evaluated by optical density OD measurement at 600 nm. All data shown are the averages and standard deviations from three independent experiments, with all experiments carried out twice to confirm reproducibility.
Comparison of GA productivity between IFO12528
and ΔaldH WT G. oxydans IFO12528 and its ΔaldH mutant were precultivated in 5-mL YPD medium at 30 for 1 d, after Samples were then pelleted, and the respective supernatants analyzed using HPLC. Cell growth was evaluated by OD measurement at 600 nm. All data shown are the averages and standard deviations from three independent experiments, with all experiments carried out twice to confirm reproducibility.
Enantiomeric composition of GA produced by IFO12528 and ΔaldH
The GA in each supernatant was recovered and concentrated using a desalting electrodialysis unit Micro Acilyzer S1, Astom, Tokyo, Japan equipped with a commercial membrane cartridge for anion recovery AC-122-10, effective membrane area, 10 cm 2 ; Astom , as described previously 2 . Concentrated GA samples were then diluted to 1 g/L with a mobile phase of 0.45 mM CuSO 4 , and the respective enantiomeric compositions were analyzed by HPLC.
RESULTS AND DISCUSSION
Construction of the aldH disruptant
To disrupt the mALDH-encoding gene, we first amplified the internal region of aldH GOX0587 by PCR using the primer set described above. This amplified DNA fragment was then cloned into plasmid pT7Blue R to generate pT7-aldH; proper integration of the cloned fragment was confirmed by sequencing, with the partial aldH sequence from G. oxydans IFO12528 shown to be identical to that of strain 621H 13 . Next, the Km-resistance cassette from plasmid pTKm 16 was cloned into pT7-aldH, to produce plasmid pT7-GoALDH::Km. This construct was then introduced into G. oxydans IFO12528, followed by selection of recombinant isolates; the resulting mutant was designated ΔaldH. Full integration of the Km-resistance cassette within aldH was confirmed by PCR using a primer set GoALDH-full-F1, 5 -GGAAGGCGCCAACAATGGCT-3 , and GoALDH-full-R1, 5 -TGGTTCCTGAACGGCTCAGT-3 13 .
Involvement of mALDH in acetic acid production
To confirm the involvement of aldH in acetic acid production, we examined the level of acetic acid production in WT and ΔaldH strains. While both strains were capable of growth on medium containing 4 ethanol Fig. 2A , the ΔaldH mutant failed to produce acetic acid, whereas the WT strain produced 3.2 g/L acetic acid after 4 days Fig.  2B . These results confirm a role for aldH as a component of mALDH, which is necessary for the production of acetic acid from ethanol. During the period, acetaldehyde was not detected in the culture of both strains, suggesting that some detoxification mechanism for acetaldehyde metabolism may work in the G. oxydans strain.
Effect of aldH disruption on GA production
Next, we examined whether aldH is required for GA production. After 4 days of cultivation with 17 glycerol, the WT strain had produced 19.3 g/L GA, compared to only 11.0 g/L GA for ΔaldH strain Fig. 3B . This result demonstrates that, while not essential, the mADH is necessary for efficient GA production in G. oxydans 4 . Such a result also implicates the mALDH-encoding gene ΔaldH in GA production; however, the modest GA production seen in the ΔaldH strain suggests the presence of other glyceraldehyde dehydrogenases in G. oxydans involved in GA production. Likely candidates include many of the cytoplasmic and membrane-bound oxidoreductase homologs, which appear to be encoded by the G. oxydans genome but whose function remains unknown 13 . Also, glyceraldehyde
was not detected in both cultures. Despite a deficiency in GA production, the ΔaldH mutant exhibited a higher growth rate than that of the WT strain after 2 days. As GA has been shown to inhibit the growth of G. oxydans 18 , the higher growth rate of the ΔaldH mutant is likely due to the less amount of GA in 3.4 Con rmation of enantiomeric composition of GA produced by IFO12528 and ΔaldH Enantiomeric GA compositions vary significantly among GA-producing AAB 4 , with most Gluconobacter strains producing D-GA at an ee of 71 to 79 . As glycerol is oxidized to GA by mADH, along with a number of ALDHs, the enantiomeric composition of GA may be affected by differences in mADH and ALDH enzymes. To address this question, we compared the enantiomeric compositions of GA produced by IFO12528 and ΔaldH strains by HPLC. Similar enantiomeric compositions were observed for both strains, with 73 ee of GA arranged in the D-GA form. These results suggest that mADH, but not ALDHs including mALDH , is the primary determinant of enantioselectivity during GA production from glycerol. Further studies will be necessary to confirm a role for mADH in determining the enantiomeric composition of glyceraldehyde from glycerol.
CONCLUSION
Previously, we had demonstrated that mADH is essential for the oxidation of glycerol to glyceraldehyde 4 . Here, we have expanded on these findings, showing that mALDH, which is essential for the conversion of acetaldehyde to acetic acid, is not necessary for glyceraldehyde oxidation to GA in G. oxydans IFO12528. Disruption of aldH, which encodes for the large subunit of mALDH, led to a significant, but incomplete reduction in GA production relative to the WT strain. This result suggests the existence of one or more additional glyceraldehyde dehydrogenases in G. oxydans. Identification and characterization of these and other enzymes will be necessary to fully elucidate the pathways involved in GA production.
